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The stable structures, energies, and electronic properties of neutral, cationic, and anionic clustgis of Al

2—10) are studied systematically at the B3LYP/6-311G(2d) level. We find that our optimized structures of
Alst, Alg™, Alg™, Al Alot, and Al clusters are more stable than the corresponding ones proposed in
previous literature reports. For the studied neutral aluminum clusters, our results show that the stability has
an odd/even alternation phenomenon. We also find that theAd, Al;*, and AL~ structures are more

stable than their neighbors according to their binding energies. ForAih a special stability, the nucleus-
independent chemical shifts and resonance energies are calculated to evaluate its aromaticity. In addition, we
present results on hardness, ionization potential, and electron detachment energy. On the basis of the stable
structures of the neutral A(n = 2—10) clusters, the AD (n = 2—10) clusters are further investigated at the
B3LYP/6-311G(2d), and the lowest-energy structures are searched. The structures show that oxygen tends to
either be absorbed at the surface of the aluminum clusters or be inserted between Al atoms to faraCsi Al

motif, of which the Al—; part retains the stable structure of pure aluminum clusters.

Introduction unit Al having two delocalizedr electronst’ Zhan et alt8
further suggested that the At structure could have an unusual
ultifold aromaticity of oner and twoo orbitals, basing their
onclusions on calculated wave functions and resonance ener-
gies. They also reported that the four valence electrons of Al
were associated with two independent delocalized bonding
systems, ona and one, in which each delocalized system of
multifold aromaticity satisfies therd+ 2 electron-counting rule.
Kuznetsov et al. discussed the aromaticity of Aby comparing
molecular orbitals (MOs) of AlF and GH3™,'° and in later
work, they also found that the structures and MOs qf Atan
be considered as those of twosAlunits and explored three-

Aluminum clusters have been of great scientific interest in
the past 20 years. Such attention is due to the special status o
aluminum materials as well as the possible development of
cluster-based materialsThe interaction of oxygen with alu-
minum is a universal reaction, and aluminum oxides are very
important ceramic materials that have many technological
applications. Understanding the mechanism of oxygen atoms
reacting with aluminum is important because it can provide
useful information in many research fields such as surface
science and catalysis related to alumintim.

Some neutral and ionic clusters of Ah = 1—15) have been : : . o — 20
studied theoreticalf71° and experimentally:~16 Al and Aks™ dimensionalr ando aromaticity in Ak™ and MAL™.

were considered to be the magic clusters as they contain 20 hFOP: ta;llumlnum oxtldes_, Boldyrevde(tj ‘EI' ;Jllsc0\|/ere_d4(AJ mt
and 40 valence electrons, respectively. They exhibit special‘_N Ich the oxygen atom IS surrounded by four aluminum atoms

behaviors in experiments. For example;dcts as a superh- Ina square-plana@h) arrangement. In_ the hyperaluminl_Jr_n
alogen, and it and its conformers have been extensively molecule, they believe that the electronic structure, combining
investigated.Moreover, the intensities of the peaks in the mass lonic "’Imd sufbstalntlall mei'ametal I;ondlng,l an|t|C|patehs a Iargi,. h
spectra of clusters indicate thatzA] with a special stability, is ~ N€W class of molecules. Hence, the usual valence theory, whic
a magic cluster because of an unusually large psimilarly does not include all possible interatomic interactions as bonding

Al has a closed-shell structure with eight valence electrons, POSSiPilities, must be modifiett.In this article, small A0
However, the conclusion that 4l is a magic cluster has met clusters were studied. However, this is not sufficient for
with conflict81314Whereas one group observed thagiAls ~ NYPeraluminum clusters. o .
dominant in photodestruction experimefitsanother group The oxidation reactions of neutral and ionic aluminum clusters
reported no finding of Ajt in collision-induced fragmentatiott. have been extensively investigated in the gas pkasé.
Recently, aromaticity has become a rapid-developing area of Theoretical calculations have been performed f°:_§@|20’33
investigation. The concept of aromaticity has been extended a@nd neutral and anionic 4Dy (n = 1-8) clusters’*3% For the.
from organic to inorganic systems, and ciiteria and indices of cases of = 0—5, Wu et al. reported that the electron affinity
aromaticity have also been developed. One can show theOf neutral clusters increases with increasing oxygen ratio in a
aromaticity of a system from several aspects, such as delocalizeystematic study of anion photoelectron spe#tfd.In the
molecular orbitals, nucleus-independent chemical shift (NICS) Molecular-dynamics (MD) simulation of the oxidation of an
values, resonance energies, and absolute hardness. Li et al. useuminum nanocluster, Campbell et'ateported that aluminum

aromaticity to interpret the stability of the all-metal structural Moves outward and oxygen moves toward the interior of the
cluster. Then, what about the characters of the @land A~

* To whom correspondence should be addressed. E-mail: zeshengli@ Al POnds in clusters? This issue might need more attention from
mail.jlu.edu.cn. both experimental and theoretical studies.
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Therefore, it is necessary to confirm and further explain the PR =2 .
stable structures of neutral, cationic, and anionic(Al= 2—10)
clusters and their reactivity behaviors. In this paper, we studied
the stable structures and their corresponding properties for Al
and ALO (n = 2—10) clusters. For Aiff, we attempt to explain
its special stabilities according to both the jellium shell clo&ing f E f E
and multifold aromaticity concept§-2° For Al,O, we system- ) ]
atically studied the geometries, binding energies, fragmentation

energies, electronic structures, and highest occupied moleculat Aly Aly Al
orbital (HOMO)—lowest unoccupied molecular orbital (LUMO)

gaps to reveal the chemical properties for such types of clusters. 58 57 74
These results are compared with experimental data and previous ;
calculations. / / /

Computational Methods

Computations were performed with the Gaussian 03 pack- 22 2 -
age®? The density functional theory (DFT) of Becker’s hybrid ; g . ; N Lo {4‘0-3- e
three-parameter functional at the Lee, Yang, and Parr correlation = 27]

functional (B3LYP¥* level with the 6-311G(2d) basis set is 248 L
employed for studying the structures of,AAIl,~, Aly*, and Als Als Al
Al,O (n = 2—-10) species. Different spin multiplicities and initial

structures are considered as well. To confirm the stability of
structures of both pure aluminum and aluminum oxide clusters,
the vibrational frequencies were also analyzed. In addition, the
ionization potentials (vertical and adiabatic) and electron
detachment energies (vertical and adiabatic) were studied.

Here, cluster aromaticities are evaluated by delocalized MOs,
nucleus-independent chemical shifts (NIC8sgsonance ener-
gies, etc. To denote the propertyabr 7 aromaticity, the NICS
values at the center of the rings or the cages [NICS(0)] and at
1 A over the ring plane [NICS(1)] were calculated using GFAO
at the B3LYP/6-311G(2d) level. The resonance energies were
refined using the method CCSD(T)*° and the more extended
6-311+G(2df) basis sets. For aluminum oxide clusters, natural
population analyses (NPA) and natural bond orbital (NBO)
analyses were performed using the NBO program as imple-
mented in the Gaussian 03 progré&rirhe HOMO-LUMO
gaps for ALO (n = 2—10) were obtained from B3LYP/6-311G-
(2d) calculations.
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Results and Discussion

(A) Al, Clusters (n = 2—10). (i) Structures.The stable
structures for neutral and ionic Alg are shown in Figure 1 /N en
while the corresponding energies are given in Table 1. The dimer , .,
is one of the well-studied aluminum clustér&?1821Zhan et
al.'® determined the ground stafé],, and two excited states,
8%y~ and'=4", of Al, at CCSD(T)/aug-cc-pXZ (x =D, T, Q) Aly Aly
level. Here, we give two lowest-energy structures of. Abne
is the ground statélT, with a bond length of 2.76 A, and the
other is the excited staf&,~ with a bond length of 2.51 A,
which is 0.114 eV higher in energy than tRH, state. The
ground state of Alt has2Zy * symmetry, and its bond length
is 3.34 A. For Ab~, the ground state is dEq ~ symmetry with Ay Aly"

a bond length of 2.59 A. These results agree well with the Figure 1. Optimized geometries of neutral and ionic,Ab clusters

previous studie$®1821The optimized geometries of Al, Alg, (bond lengths in A).
and Ak~ are all equilateral triangles, in which Aand Ak~
have almost equal bond lengths of 2.54 A. Maeu et al. < 4) clusters are in good agreement with the previous calculated

carefully studied Al and Al;™ and found that both rhomboidal  results®—510.18-21

and square possible stable structures are very close in elfergy.  The structures of Aland Ak~ are planar withC,, symmetry,
Our calculated results for AlAl4~, and Al* confirm that the whereas the Al cluster is a three-dimensional structure with
rhomboidal structures with bond angles of 69.46.3, and a dihedral angle of 93%&hat is not reported. The structures of
74.7 for Aly, Aly~, and Al' are indeed the lowest-energy neutral and ionic Ad are identified as an anomalous octahedral
structures. The present optimized structures of the smalmAl form, in which Als~ is more close to an octahedron and thus
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TABLE 1: Total Energies? (a.u.), Preferred Spin Multiplicities, and Point Groups of Neutral, Cationic, and Anionic Aly—19
Clusters
neutral cationic anionic
n En mult group E,* mult group En- mult group
1 —242.3863666 2 —242.1650763 1 —242.3949643 3
2 —484.8207218 3 Do —484.6064149 2 Doh —484.8672397 4 Doh
3 —727.2756992 2 Dan —727.0458068 3 Dan —727.3341151 1 Dan
4 —969.7261549 3 Don —969.4973449 4 Do —969.7007200 2 Do
5 —1212.1940165 2 Cy —1211.9644282 1 Cs —1212.2682926 1 Ca
6 —1454.6678743 1 3d —1454.4318986 2 c —1454.7509903 2 S
7 —1697.1577348 2 —1696.9513666 1 Cs, —1697.2315988 1 Ca
8 —1939.6138646 1 G —1939.3921604 Cs —1939.6916730 2 G
9 —2182.0757811 2 o —2181.8573716 1 C —2182.1687090 1 Cz
10 —2424.5463384 1 G —2424.3276529 2 Cl —2424.6347271 2 G
@ Calculated at the B3LYP/6-311G(2d) level, including zero-point corrections.
2.0 TABLE 2: Binding Energies E, (eV) and Global Hardness
(a) /A~A-Af‘ Values# (eV) of Neutral, Cationic, and Anionic Al, (n =
1.6 /‘/A 2—-10) Clusters
_ 12- A/A Eb n
£ 0.8] s yd . n Al, Alt Al Al, Alat Al
g 0.4 2 0.653 0.748 1.169 5.519 5.897 5.080
- 3 1.058 0.980 1.509 4.826 5.451 4576
> 0.0 a2 4 1229 1178 1679  4.438 4799  4.229
2 / \ /0\ —o 5 1.427 1.382 1.784 4.543 4.658 4.006
s . . 6 1586 1519 1924 4635 4575  4.250
0.8 7 1.762 1.820 2.015 4.435 5.609 4.188
97 8 1.779 1777 2.014 4510 4205  3.857
2 4 ' 8 10 9 1809 1818 2064 4134 4389  3.955
10 1.858 1.865 2.075 4.046 3.992 3.706
- n a Calculated at the B3LYP/6-311G(2d) level.
2.0 (b) ® A structure of A§, Alg™ is not much different, whereas &l
AT changes significantly in structure. However, the three structures
1.5 A
S /A/‘ all look like one Al atom connecting to Al Similarly, Alg*
k= 1.0 a— can be viewed as an Al atom attached tg.Alhe structure of
.g 0.5 Al is a capped form of Al The structure of Al is almost
g 0.0- N ° . unaffected by losing or gaining one electron. Our presented
> 5] o\./ / structures of Ad_g neutral clusters are in good agreement with
u% ’ o the stable structures proposed by Jdohe&or Aly, Joned
-1.0- predicted stable singlet AJ as a capped form of Al using
-1.54 ¢ simulated annealing. A similar structure has been reported by
2 4 6 8 10 Rao et al. at the GGA/LanL2DZ level, but that structure has
triplet multiplicity.6 We performed optimization calculations on
n the Al structures in ref 4 and obtained similar structures, in
20 PR S—y which the lowest-energy structure of singletfk lower than
Y1 © /4/‘/ the triplet state by 0.243 eV. In this work, our predictedoAl
1.6 ‘/‘ singlet structure (Figure 1) is 0.167 eV more stable than the
S 12l A/ tr_iplet, and meanwhile, it is 0.240 eV lower in energy than the
e singlet Al structure of ref 4.
-g 0.8- (i) Binding Energy and Relate Stability.In Figure 2, we
S 0.4 ° plot curves of the binding energy and second difference in
% 7 / ° energy for neutral and ionic clusters. The second difference in
o 0.0 °\.\.\ /o / energy is defined by
-0.4+ o _ A%E(Al) = —2E(Al,) + E(Al, )+ EAl,) (1)
2 4 6 8 10 o o )
n As shown in Figure 2, the binding energies for,Allusters

Figure 2. Binding energies (triangles joined by solid line) and second
difference in energies (circles joined by solid line) of (a) neutral, (b)
cationic, and (c) anionic Al(n = 2—10) clusters.

more compact. Among neutral and ionic;Alpecies, Al can
be identified as a capped form of thesAkructure and has new
bonds formed compared to Al

Our results for Ad—1o ionic clusters are not in complete
agreement with the previous repér€ompared to the neutral

(neutral and ionic) increase with increasing cluster size. The
second differences in energy exhibit a small odd/even alternation
in neutral clusterg,®>and the conspicuous peaks appear af Al
Al7, Al7t, and Al~, indicating that these four clusters are very
stable.

For Als, the calculation results show that it has a special
stability among neutral Al clusters. This stability can be ascribed
to the similarities of its bond lengths and electron structure with
those of As~, which has been shown to have aromatic character.
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Figure 3. Molecular orbitals (isodensity value is 0.03) and NICS values (ppm) of the dlster.

According to the jellium model, the atomic arrangements in
clusters are not very important in describing their electronic
structure’? One can approximate a cluster as a spherical
distribution of positive ion charge to which the valence electrons
responc® Alz™ containing eight valence electrons can be

TABLE 3: Nucleus-Independent Chemical Shift (NICS)
Valuesi(ppm) of Clusters

Alg Al;* AlgO
NICS(0) —34.67 ~74.17 ~73.28
NICS(1) —26.85

considered as a magic cluster; however, its stability has beena acgjcylated at the GIAO/6-311G(2d) level.

topic of debate. In our work, At is not as stable as expected,

as its binding energy is only 0.980 eV and its hardness of 5.451 so much larger? From the molecular orbital pictures shown in

eV is only slightly greater than that of its neighbor clusters
(Table 2). The results suggest thatls not very stable, which
is consistent with experimentaland theoreticalstudies.

Al3~ is recognized as having and z aromaticity®® The
energetic criterion of aromaticity, i.e., resonance energy (RE),
is directly related to the stability of the molecular structure.
Following Dewar’s approach for calculating RE valjés!52
RE(Al3™) can be obtained as

RE(Al,)) = AE(Al,” —3Al+ &) —
2AE[AL('S) — 2A1] (2)

where each Al atom is considered to contribute one 3p bonding

electron, so that A has two bonding electron pairs. At the
CCSD(T)/6-31#G(2df) level of theory, RE(A}) is calculated
to be 76.3 kcal/mol, with a\E(Al3~ — 3Al + €7) value of
126.5 kcal/mol and an Aldissociation energyAE[Al ,(1Zg) —
2Al], of 25.1 kcal/mol. If we use théAE(Al;~ — 2AI + Al")
(120.0 kcal/mol) andAE[AI,(3T,) — 2Al] (31.8 kcal/mol)
values, then RE(AI) is 56.4 kcal/mol. The two calculated
results for RE(A{~), 76.3 and 56.4 kcal/mol, as the upper and
lower limits, respectively, are in very good agreement with the
corresponding values of 79.3 and 56.3 kcal/mol from ref 18
and 56 kcal/mol from ref 20.

Let us discuss the stability of Aland AL* caged clusters.
From the experimental report by Cox et #lthe reactive rate
constant of A} with oxygen is a minimum in the reactivity

Figure 3, one can see that the MOs ofAlre very similar to
those of the reported &~ by Kuznetsov et ak? except that
the ordering is slightly different. In addition, the NICS(0) value
is as large as-74.17 ppm at the caged center ofA(Table 3)
and is comparable to the80.06 ppm of A{2~. The HOMO is
a multicenteredr-type orbital consisting of the 3p orbitals of
all atoms (i.e., head-to-head overlap), which renders” Al
three-dimensionar aromatic structure with a large NICS value
of —8.46 ppm (Figure 3). The HOMG 2 is az-bonding MO
and providesr aromaticity. The electron delocalization inAl
results in bond length equalization and a larger binding energy
than in Ak.

As for Alz~, RE(Al7*) can be obtained as

RE(Al,") = AE(Al," — 7Al —€") —
3AE[AIL('Z) — 2A1] (3)

The value of RE(AI™) calculated by eq 3 is 129.6 kcal/mol,

which is about 1.6 times the value of REA) according to

the same definition. In terms AE(Al;+ — 6Al + AlT) and

AEJAI »(3IT,) — 2Al], we obtained the RE(AI") value as 246.3

kcal/mol. The two RE(Af") values as the lower and upper limits

correspond to a large energy difference betweeh aid Al.
Among small aluminum clusters, it is known thagAl Al 2-,

and Ak?~ have multiple aromacitie¥-2° In this work, we found

that A" has a large NICS value, a large resonance energy,

and a high hardness. In addition,7Alhas valence orbitals

curve. According to the calculated second difference in energy, similar to those of Af2~. On the other hand, we note from the

Al indeed shows a special stability compared tg @id Ak.
Closed-shell Al* is an outstanding representative for magic

geometrical viewpoint that the bond lengths of;Alare not
completely equal, as compared to those of AlAl,22~, and

clusters. It has a quite large binding energy (1.820 eV) and the Alg?~. Al;™ has three different bond lengths of 2.605, 2.61, and
greatest hardness (5.609 eV) of all of the aluminum clusters 2.755 A (Figure 1), among which the largest deviation is 0.15
we have studied except for Al. Why is the stability of A}* A. In view of the calculated results and the above discussion,
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Figure 4. Comparison of experimental (ref 24) (bars) and theoretical 4a (Dyy) 4b (Cay) 4c (Cy) 4d (C,)

ionization potentials for both vertical (circles joined by solid line) and
adiabatic (triangles joined by solid line) ionization calculations _m - e
. . 2356 180 J—.—
Al;* could be expected to be an aromatic cluster, although it 1.80 é ; M‘
might not be considered as a perfect aromatic system becaust ”‘323 293
its bond lengths are not completely equal with each other.

For Als™, a stable planar structure for the triplet state has e 3b(Ca) 56(C) 4G
been reportefl.In our work, two different spin states are
considered for planar At, in which the triplet stable structure @ % .
was obtained, and singlet £l is shown to have imaginary o “*z S f § o ‘Zéz.ﬁz .
frequencies. Our calculated structure ofAin the singlet state F
is a three-dimensional (3D) structure, as shown in Figure 1, )

that is 0.097 and 0.154 eV lower in energy than the triplet states ¢4 (c,,) 6b (C.)
of the 3D and plandrstructures, respectively.
As shown in Table 2, the binding energies ofy Al Al;*, i A
Alg*, and Ako" are larger than those of their neutral clusters. 2385 S
This result can be analyzed from two aspects. First, these four *" - =
clusters are relatively more stable among the studied cationic 242 268
clusters (Figure 2b), corresponding to the fact that the adiabatic
ionization potentials for the neutral Aln = 2, 7, 9, and 10) 7a(Cy) b (Czv) Tc(Ca) 7d(Cy)

clusters are comparatively small, and thus, they can easily lose
one electron to form stable cationic clusters. We can see that, F‘
170

in Al7" and Ak*, one bridging bond in the neutral clusters is .

broken, leading to a more relaxed structure for the cationic mﬁz : @
clusters. According to steric effects, such structural relaxation 2544 261 4

might possibly result in a better stability. Second; Ad 6.022 b 76" ' 76 He '

eV higher in energy than Al, and such a large energy difference
between Af and Al might also contribute to the large binding
energies of AI™, Al;", Alg", and Alo".

(i) lonization Potential. The vertical ionization potential
(VIP) is the difference in energy between the ground state of
the neutral cluster and the ionized cluster that has the same,r—#s=
geometry as the neutral cluster. Our calculated vIPs are in very '
good agreement with experimental reséttas plotted in Figure
4 and listed in Table 4. The trend of the vIP results are also o, (c,)
consistent with the corresponding values reported by Rao et

8a (Cp) 8b (C,) 8¢ (C2) 8d(Cy)

alb There is a maximum at Aland a sharp minimum at Al i
The vIP of Ak is 6.02 eV, which is the lowest among our 170
investigated clusters, and this result can be illustrated by its 254

shell structure of valence electrons. Becausen@k one electron
beyond the shell-closing requirement, it is easy to lose one
electron to form A}*. The adiabatic ionization potentials are |, N\ W2e
also computed from neutral and cationic total energies and are
listed in Table 4. Compared with the corresponding vIP, the
alP is always smaller, and the energy difference between them
is an indication of the structural relaxation of cationic clusters.

(iv) Electron Detachment Energie3.o study the vertical Figure 5. Stable geometries and symmetric point groups of AD
electron detachment energies (VDESs), we have calculated theclusters (bond lengths in A).

2.9

10a (C,) 10b (Cy) 10d (Cy)
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TABLE 4: lonization Potentials of Al , Clusters and Electron Detachment Energies of Al Clusters (n = 2—10)

ionization potential (eV) electron detachment energy (eV)
n adiabatié vertical expf adiabatié expf verticak expt expe
2 5.83 6.12 6.66.42 1.27 1.39 1.60 1.46 0.01
3 6.26 6.42 6.426.5 1.59 1.53 1.59 1.90 1.890.04
4 6.23 6.42 26.5 2.03 1.74 2.03 2.20 2.290.05
5 6.25 6.50 6.426.5 2.02 1.82 2.08 2.30 2.260.05
6 6.42 6.61 6.6-6.42 2.26 2.09 2.54 2.65 2.680.06
7 5.62 6.02 6.66.42 2.01 1.96 2.32 2.50 2.430.06
8 6.03 6.32 ~6.42 2.12 2.22 2.38 2.40 2.350.08
9 5.94 6.39 <6.42 2.53 2.47 2.71 2.90 2.850.08
10 5.95 6.16 5.96.42 2.41 2.47 2.64 2.80 2.#0.07

2 Calculated at the B3LYP/6-311G(2d) leveReference 24S Reference 15¢ Reference 11¢ Reference 16.

total energies of Alneutral clusters with the geometry of Al Molecular orbital pictures of Al,O
The calculated VDE results for Al as well as the corresponding

experimental values are listed in Table 4. From Table 4, we : ’
can see that our VDE results are all appreciably underestimated, J

but the trend is in good agreement with the experimental

results!16 The adiabatic electron detachment energies (ADES) HOMO HOMO-1 HOMO-2  HOMO-2'

are the differences in total energy between the ground states ol

the anion and the neutral clusters. The results are in good

of CCSD(T)/aug-cc-P¥Z (x = D, T, and Q), Zhan et &b Molecular orbital pictures of Al,O

calculated the ADEs using complete basis set energigss)

of extrapolations for AI~ (1.51 eV), Ak~ (1.89 eV), and Al~

(2.18 eV), obtaining values that are in good agreement with :

the experimental data from Cha ettafor Al,~ (1.60 eV), Ag~ \a ‘L)

for Al,~ (1.46+ 0.01 eV), Ak~ (1.89+ 0.04 eV), and Al ’ 9

(2.20 &+ 0.05 eV). For Ab_4,, our calculated ADEs at the

B3LYP/6-311G(2d) level are 1.27, 1.59, and 2.03 eV, respec- HOMO HOMO-1 HOMO-2

tively, which are lower than the calculated values at the high

levels of Zhan et al. Compared to the experimental #atal6

however, they seem to be relatively close to the experimental .

data for Ak~ (1.53 eV) and Al (1.74 eV) from ref 15. For ):‘—J

Aly~ (n=5—10), the calculated ADEs at the B3LYP/6-311G-

(2d) level are 2.02, 2.26, 2.01, 2.12, 2.53, and 2.41 eV,

eV), Als™ (2.09 eV), Ak~ (1.96 eV), Ak~ (2.22 eV), Ab~ (2.47 .

eV), and Al (2.47 eV). Note that ADEs are smaller than HOMO-2 ) HOMO-3 ) HC_)MO'4 )

VDEs, and the calculated values of the ADEs and VDEs for Figure 6. Molecular orbitals of AMO and ALO (isodensity value is

anionic Ab_4 clusters are very close because of their very similar

structures.

clusters on the basis of their hardness. In a finite-difference considered. The optimized structures show that oxygen tends

approximation, DFT has provided a rational for the definition (g ejther be adsorbed at the surface of the aluminum clusters or

of hardness be inserted between Al atoms to form an, ADAI motif, in

—IP— EA 5 which the “Al,_1" part retains the stable structure of pure
"= @ aluminum clusters. The O coordination numbers are 2, 3, and

vertical electron affinity®® Harbola et al. concluded that magic  fange 1.72.0 A. The AF-Al bond lengths are in the range of

numbers appear at those points where the cluster hardness ha&56-3.28 A and show equalization with larger cluster sizes.

a local maximun®# From the values listed in Table 2, one can In structures of amorphous aluminum oxides, according to

see that magic Al has a very large hardness. For the studied experimentdP and theoreticaf°" studies, most Al atoms have

neutral and ionic clusters, hardness decreases with cluster sizea coordination number of 4, and most O atoms have a

1-6), and our corresponding results are in agreement with theirs.the coordination numbers are 4 and 5 for most Al atoms and 2

(B) AlO Clusters. (i) Geometry Optimizationin Figure 5, and 3 for most O atoms, consistent with previous studies.

we present the stable structures and symmetrical point groups

of Al,_100 clusters. The oxygen atom is adsorbed in three ways, (i) Energies and StabilityThe stability of ALO (n = 2-10)

i.e., bonding to a single Al atom, bonding to two Al atoms, and clusters is discussed in terms of the binding eneigy, (the

agreement with experimedtsand theory?. At the very high level
(1.90 eV), and A~ (2.20 eV), as well as those from Li et &l.
the ADEs at the B3LYP/6-311G(2d) level are also lower;
respectively, consistent with the experiment &iar Als~ (1.82

(v) Hardness.We can also discuss the stability of these structures, several spin multiplicities and initial structures are
where IP is the vertical first ionization potential and EA is the 4, and the A-O bond lengths increase correspondingly in the
Martinez et al® calculated the hardness values fopA(n = coordination number of 3. For the £ (n = 2—10) clusters,
bonding to three Al atoms. To locate the lowest-energy binding energy of oxygenHy(O)}, and the second difference
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Figure 7. Molecular orbitals of AJO (isodensity value is 0.02).
in the total energiesAE), which are defined as follows showing that AJO is easier to dissociate into At Al,O than
into AlO + Al,.
E, = [NE(Al) + ',E(O,) — E(AI,O)V(n+1)  (3) Al4O. The lowest-energy isomer is planar and g
symmetry, which is from an O adsorption at the, Aknter.
E,(O) = E(Al,) + lIZE(Oz) — E(Al,O) (4) This structure is in full agreement with Boldyrev and Schleyer’s

result at the MP2(full)/6-31G* leve® Their search strategy
A’E(Al,0) = E(Al,_,0) + E(Al,,,0) — 2E(Al O) (5) employed a fragment approach. The stable structure was
obtained with G~ lying in the center of the AP cluster with
The Ep, Ex(O), andAZE values of Ab_100 clusters are plotted ~ Dan Symmetry. This contrasts with the usual situation in which
in Figures 8 and 9, and the Corresponding data are reported inthe Only bonding interactions are between the center atom and
Table 5. The curve of results shows that@lis very stable its attached atoms or ligands, where the ligatigand interac-
and the cluster stability has an odd/even alternation phenomenorfions are repulsive. Hence, usual valence theory does not give
along with cluster size. a complete explanation.

Al,0O. AlL,O was carefully investigated in early experimen-  AlsO. We find the5a structure to be best of all. Although
tal0.3158and theoreticdP studies. Our calculatePaisomeris  the 5b with Cs symmetry is a local minimum, it is 0.252 eV
identified as a linear geometry in the singlet state and is in good higher in total energy thaba 5ais likely to be most stable,
agreement with Boldyrev et al.’s structiffelt exhibits a because its “Af’ part is a stable structure that is beneficial to
prominent peak in Figure 8 and has a large difference (2.865 €lectronic motiorf.

eV) in total energy relative t@b. 2c, in the triplet state and AlgO. The 6a and 6b forms have nearly the same energy,
with a shorter AI-O bond tharRa, is about 3.284 eV higherin  but the HOMO-LUMO gap of 6ais 0.49 eV larger than that
total energy thara of 6b. From the structures, we can see that @g AlgO is

Al30. The lowest-energy isoméda, is a planar structure with ~ more compact. To confirm stability, we calculated single-point
Cz, symmetry. The structure was reported by Neen et al35 energies at the CCSD(T)/6-315(2df) level for both6a and
whose optimized A structure at the B3LYP/6-3#1G(2d,p) 6b. Indeed, at a high leveBais still 0.275 eV lower in energy
level is quite similar to that o8a. At the HF/6-31G* level, the ~ than6b.
form is a saddle point on the intramolecular rearrangement of  Al;7O. Al; has the lowest reactivity that has been observed in
Al30.2! The artificially built 3b can be viewed as an Al atom  experiment’8We note that the binding energy of O to/A$
attached to AIO or as an AlO unit attached to AlFor Al;O lowest and the binding energies of isomeées-7d are smallest,

— Al + Al,O and ARO — AIO + Al,, the calculated falling in the range between 4.081 and 3.789 eV (Table 5).
fragmentation energies are 0.632 and 1.484 eV, respectively,Interestingly, after an O atom has been attached {ptAé 73,
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Figure 9. Oxygen binding energies of& Al,O (n = 2—10) isomers.

7b, and 7d structures are compact, and none of the Al atoms
moves outward, as compared to the Alructure.

AlgO. Alg would be favored to react with oxygen. Isomers
a—c of AlgO (Figure 5) can be viewed as an Al@nit attached
to different sites of Aj™. The total energy is obviously lower
for 8athan for the three other isomers, and the HOMQMO
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Figure 10. Energy diagram of lowest-energy & clusters. The dashed
lines show the unoccupied states.

Al100. Aljo has a chemical stability that makes it less reactive
with oxygen, consistent with the experimental restltSor the
present A{oO isomers, the energies and the HOMOJMO
gaps are close, and the calculated binding energies of O;¢0 Al
are smaller than 4.632 eV, which is only larger than that of
Al;0.

In summary, the binding energies of an O atom adsorbed on
Al clusters have a maximum at AD, followed by a decrease
with increasing cluster size, minima appearing afQAland
Al100, and a prominent increase atg®l (Figure 9). The trend
is almost consistent with the plot of the rate constant of oxygen
adsorbing on A reported by Cox et &

From the thermodynamic viewpoint, the stability of the
lowest-energy clusters can be studied further in terms of the
fragmentation energies (Table 6). We have studied all frag-
mentation channels. The channels leading tgOAIAI, or O
require the lowest, second lowest, and highest fragmentation
energies, respectively. The ground-state energy of AlO is
—317.661 au, and the binding energy is 1.228 eV, which is
smaller than those of the other clusters. Infrared spectroscopy
studies have shown that AIO has a weak béfhgh the channel
from Al,O to AIO is not favorable. Instead, A (n = 2—10)
clusters are found to preferentially fragment toa@H Al,—.

According to ALO (n = 2—10) fragmentation energies, A)
and AkO show the largest stabilities. A) has two fragmenta-
tion channels, leading to Al+ O and AIO + Al, with
fragmentation energies of 9.251 eV (213.3 kcal/mol) and 5.459
eV (125.9 kcal/mol), respectively. Our calculated fragmentation
energies of 213.3 and 125.9 kcal/mol are in good agreement
with the corresponding experimental values, 218.3.0 and
127.6+ 2.05° The fragmentation energies of 8 to Al,O +
Algand ALO + Al are 2.229 and 3.246 eV, respectively, which
are the largest in the corresponding channels foOAIN =
2—10) clusters except for AD. For the channel AD — Alg
+ O, the fragmentation energy corresponds to a local maximum.

gap (Figure 10) is conspicuously large. This structure might be On the other hand, fragmentation of38l into Al 4 Al;O has

most stable among the isomers og@| because of the bonding
mode that is beneficial to electronic delocalization.

AlO. As shown in Figure 5, the lowest-energy structure for
oxygen adsorption on Alhas a motif similar to AJ—OAl, as
expected. In structur@a, the “Alg” part is distorted: when we
tried to draw the tilted atom down and make it similar tg,Al
the atom went back after optimization. We note that the binding
energies oPa are large in odd-numbered clusters. Thusy Al
would be favored to react with oxygen. This is consistent with
the experimental results of Cox et?l.

the lowest fragmentation energy among thg@\(n = 2—10)
clusters.

(iii) Electronic PropertiesFor the lowest-energy isomers of
Al,-100, the HOMO-LUMO gaps decrease with increasing
cluster size, except for AD (Figure 10). AJO has the largest
HOMO-LUMO gap of 9.388 eV, and its vIP value is as large
as 7.96 eV. In Figure 6, the MOs of A contain two three-
centerr bonds that make the AIOAI structure tighter and more
stable. In addition, the stability of AIOAI can also be attributed
to the fact that the oxygen atom can get two electrons from
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TABLE 5: Total Energies E; (a.u.), Binding EnergiesE, (eV), and Binding Energies of OxygenE,(O) (eV) of Neutral, Cationic,
and Anionic Al,_1O Clusters?

structure En Ep En(O) structure En Ep Ep(O)
2a —560.2462587 2.638 6.609 6C —1530.0215136 4.652 6.014
2b —560.1409797 1.683 3.744 6d —1530.0184532 4.569 5.388
2c —560.125566 1.543 3.324 7a —1772.4903972 4.081 5.415
2d —560.1184274 1.479 3.130 7b —1772.4824130 3.864 5.714
3a —802.6662791 2.208 5.657 7c —1772.4807616 3.819 5.796
3b —802.6515147 2.107 5.218 7d —1772.4796499 3.789 5.878
3c —802.6455776 2.067 5.094 8a —2014.9960614 5.429 6.395
3d —802.6060097 1.798 4.017 8b —2014.9640536 4.558 5.823
4a —1045.1173223 2.118 5.673 8c —2014.9608465 4471 5.986
4b —1045.1054809 2.054 5.425 8d —2014.9593849 4.431 5.388
4c —1045.1027212 2.039 5.276 9a —2257.4397786 4.934 5.714
4d —1045.0902345 1971 4.936 9b —2257.4354053 4.815 6.068
5a —1287.5609537 2.025 5.014 9c —2257.4343147 4.785 5.850
5b —1287.5517065 1.983 4.876 9d —2257.4341673 4.781 5.959
5c —1287.5497965 1.974 4.710 10a —2499.8992328 4.632 5.225
5d —1287.5469728 1.961 4.634 10b —2499.8984688 4.611 5.197
6a —1530.0236771 2.032 4711 10c —2499.8978375 4.594 5.197
6b —1530.0236494 2.032 4.710 10d —2499.8968669 4.567 5.197

aCalcluated at the B3LYP/6-311G(2d) level, including zero-point corrections.

TABLE 6: Fragmentation Energies? of the Lowest-Energy HOMO and HOMO— 4 of AlgO (Figure 7), respectively. Thus,
Alz-100 Clusters AlgO can haver andr aromaticity. For AO, the NICS value

n ALO+ Al Al,_.O+Al A0 +Al,.1 O+AIl, is —72.13 ppm at the center, which is close to the value for

2 5459 5459 9.251 Al;*. This is likely to result in a special stability for 4D.

3 0.916 0.916 5.069 8.300 Our natural population analysis (NPA) results for the lowest-

4 1.370 1.760 4.962 8.316 energy aluminum oxide species are summarized in Table 7. NPA

S 1.061 1.558 4.776 7.656 clearly shows the ionic character of the-AD bond in these

6 1.395 2.078 4.636 7.353 clusters, in which the O atom attracts 14264 e- charges

7 1.364 2.186 4.442 6.724 . . ; TR

8 2229 3.246 4.872 8.071 from its neighboring Al atom. The charge distribution is

9 0.974 1.561 4.534 7.576 dependent on the symmetry of the cluster. We also checked

10 1.064 1.989 4.467 7.274 natural bond orbitals. The calculated nonorthogonal natural

a Fragmentation energy is defined BYAl, nO1_) + E(AInO) — atomic overlap populations between Al and_AI are larger than
E(AI,0), and calculated at the B3LYP/6-311G(2d) level. those between Al and O. Our results agree with the data reported

by Boldyrev et af! It might be expected that AlAl interactions
two Al atoms, i.e., AFO2-Al*, and each Al atom can lose an  &r€ largely responsible for the larger stability of aluminum
electron to form a closed shéfl.Thus, the Al atoms can also ~ ©Xides.
be considered as monovalént.

For Al,O (n = 3), the bonding situation for an O atom with
coordination number 3 or 4 is different from that with coordina-  Using the density functional method, the stable structures of
tion number 2. As O has two negative charges, the aluminum neutral, cationic, and anionic clusters of,Ah = 2—10) were
valences are smaller than that when the O atom has more tharstudied. The structures of &l, Algt, Alg™, Alig, Alig™, and
two Al atom neighbors. As shown in Figure 6, the HOMO and Al4~ are the new ones that have not been proposed in previous
HOMO — 3 for Al4O can be regarded asMOs as far as the |iterature reports. The calculated results indicate that the binding
type of the overlaps between the neighboring Al atéfisere, energies of clusters increase with the cluster size. For a
the bonding interaction between Al atoms plays an important correlation of stability, neutral clusters have an odd/even
role in stability. In addition, we can also see that the two alternation phenomenon, andz&ind Al, clusters have unusual
MOs are delocalized bonds, and certainly, delocalization can  stability because of their electronic structures, which are similar
lead to greater stability for electron-lacking systems. to those of aromatic Al and Ak *, respectively. Our calculated

The HOMO-LUMO gap of AlgO has a local maximum 5.429 ionization potentials and electron detachment energies (both
eV. Compared to Al", the MOs of AO include all MOs of vertical and adiabatic) are in good agreement with experimental
Al;*, e.g., HOMO and HOMO- 2 of Al;" correspond to and previous calculated results.

Conclusions

TABLE 7: Natural Charges Populations of the Lowest-Energy Ab_100 Clusters

n (0] Al-1 Al-2 Al-3 Al-4 Al-5 Al-6 Al-7 Al-8 Al-9 Al-10
2 —1.60 0.86 0.80¢
3 —1.64 0.3% 0.66 0.66
4 —1.61 0.46 0.40 0.40 0.40
5 —1.56 0.57 —0.21 0.28 0.78 0.14
6 —1.42 0.82 —-0.11 0.00 0.83 0.00 —0.10
7 —1.50 —0.07 —0.07 0.66 0.60* 0.60* —0.08 —0.07
8 —1.49 —0.05 0.76 —0.03 0.04 0.02 —0.05 —0.03 0.83
9 —1.49 —0.08& —0.18 —0.18 0.11 —0.16 —0.08 0.88 0.83 0.35
10 —1.50 —0.20 —0.13 0.27 —0.1% 0.05 —0.20 —0.1% 0.07 1.07 0.83

a Atoms bonding to O atom.
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We have further performed systematic study on th¢dAh

= 2—10) clusters. The stable structures were obtained in our ch

Sun et al.

(24) Cox, D. M.; Trevor, D. J.; Whetten, R. L.; Kaldor, A. Phys.
em.1988 92, 421.
(25) Fuke, K.; Nonose, S.; Kikuchi, N.; Kaya, KChem. Phys. Lett

exhausting search. The results can be summarized as follows; 955147 479.

(1) After an O atom is attached to an Alluster, the resulting

(26) Leuchtner, R. E.; Harms, A. C.; Castleman, A. WChem. Phys.

structures show that oxygen tends to be absorbed at the surfac&989 91 (4), 2753.

of the aluminum clusters or to be inserted between Al atoms.

The latter corresponds to the procesg AlO — Al,,—;OAl, in
which the structures of the “Al,” part are close to those of
the corresponding neutral Al clusters. (2) For the lowest-
energy ALO isomers, the correlation of stability presents an

odd/even alternation opposite to the stability of pure aluminum

clusters. (3) We find that the Alnd Ak clusters would mostly
favor reaction with oxygen, whereas /Adnd Al are less

reactive with oxygen, in good agreement with experiments. (4)

NPA clearly shows the ionic character of the-AD bond in
these clusters and indicates that-Al interactions are largely

responsible for the greater stability of aluminum oxides. We

hope that this work might be helpful for further experimental

and theoretical studies on the mechanism of formation of

aluminum clusters and aluminum oxides.
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